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■ Abstract SUMO (small ubiquitin-related modifier) is the best-characterized 
member of a growing family of ubiquitin-related proteins. It resembles ubiquitin 
in its structure, its ability to be ligated to other proteins, as well as in the mechanism 
of ligation. However, in contrast to ubiquitination — often the first step on a one-way 
road to protein degradation — SUMOlation does not seem to mark proteins for degra- 
dation. In fact, SUMO may even function as an antagonist of ubiquitin in the degra- 
dation of selected proteins. While most SUMO targets are still at large, available data 
provide compelling evidence for a role of SUMO in the regulation of protein-protein 
interactions and/or subcellular localization. 
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CONCLUSIONS 



INTRODUCTION 



A multitude of mechanisms determine the in vivo function of proteins. Among 
them are the regulation of protein levels via control of expression levels and 
turnover and regulation of protein activity, and localization and/or interactions by 
constitutive or reversible post-translational modifications. These modifications, 
usually accomplished via enzymatic reactions, result, for example, in acetylation, 
methylation, phosphorylation, ADP ribosylation, carboxylation, adenylylation, 
and glycosylation or prenylation of amino acid side chains. Among these is also 
ubiquitination, a post-translational modification that was first discovered in 1987 
and has since been extensively studied (Bonifacino & Weissman 1 998, Hershko & 
Ciechanover 1998). Ubiquitination is the enzymatically catalyzed formation of an 
isopeptide bond between the C terminus of the 9-kDa polypeptide ubiquitin and 
e-amino groups in lysines of the acceptor proteins. In principle, the modifica- 
tion is reversible, because the ubiquitin moiety can be removed from the accep- 
tor molecule by deubiquitinating enzymes (isopeptidases). Ubiquitination is best 
known for its role in regulated protein degradation via the 26S proteasome. Com- 
mitment of a protein to the ubiquitin-dependent degradation pathway involves as- 
sembly of a polyubiquitin chain on the target, usually via isopeptide bonds between 
lysine 48 of one ubiquitin and the C-terminal glycine residue of the neighboring 
ubiquitin. Although tagging a protein with ubiquitin chains usually leads to its 
complete degradation, it is sometimes also used for controlled activation of the 
protein via limited proteolysis. In addition, monoubiquitination plays a role in 
receptor mediated endocytosis (Hicke 1997). 

A number of proteins related to ubiquitin have been isolated over the years. 
These proteins fall into two groups, proteins that are not available for conjugation 
(e.g. Rad23, Dsk2p, Elongin B), and proteins that, like ubiquitin, are attached to 
other proteins (reviewed in Ciechanover 1998, Haas & Siepmann 1 997, Hochstras- 
ser 1998, Hodges et al 1998, Jentsch & Pyrowolaski 2000, Johnson & Hochstrasser 
1 997, Kretz-Remy & Tanguay 1 999, Saitoh et al 1 997b, Tanaka et al 1 998, Vierstra 
& Callis 1999). To this second group belong the interferon-inducible ubiquitin 
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cross-reacting proteins UCRP/ISG1 5, Nedd8, and SUMOl (small ubiquitin-related 
modifier), which are 36, 57, and 18%, respectively, identical to ubiquitin at their 
primary sequence. Whether the 21-kDa yeast protein Apgl2 that is required for 
autophagy in yeast, also belongs to this family or whether it is the first member of 
a new group of attachable proteins is presently unclear. Although Apgl2 does not 
show any discernible homology to ubiquitin at the level of its primary sequence, it 
is attached to Apg5 by a mechanism that closely resembles ubiquitination (Ohsumi 
1999). It remains to be seen whether Apgl2 is related to ubiquitin at a structural 
level. 

The significance of ubiquitin-related proteins remained rather obscure until the 
first targets, the SUMO 1 target RanGAP 1 (Matunis et al 1 996, Mahajan et al 1 997), 
and the Nedd8/Rubl target Cdc53 (Lammer et al 1998, Liakopoulos et al 1998) 
were discovered. Only than did it become clear that these proteins are not simply 
variations on the ubiquitin theme; they play important roles outside of protein 
degradation. Since then, ubiquitin-related proteins have been implicated in a vast 
number of cellular processes, including nuclear transport, signal transduction, 
apoptosis, autophagy, cell cycle control, and regulation of ubiquitin-dependent 
degradation. This review focuses on SUMOl and its relatives; for information on 
Nedd8, Apgl2, and other ubiquitin-related proteins the reader is referred to the 
reviews cited above. 



SUMO— A PROTEIN WITH MANY NAMES 

Within a few months of each other, several different groups independently iden- 
tified cDNAs and/or genomic sequences for members of the mammalian SUMO 
family. Consequently, SUMOl is now known under the names PIC1, Ubll, sen- 
trin, GMP1, Smt3c, and hSmt3, whereas its relatives SUM02 and SUM03 are 
also referred to as sentrin2 and sentrin3, or Smt3a and Smt3b. A brief review of 
their discovery is given below, and for the remainder of this review, the SUMO 
terminology is used. 

The first reported member of the SUMO family was the Saccharomyces cere- 
visiae SMT3. It was cloned in a screen for suppressors of a temperature-sensitive 
allele of MIF2, a gene encoding a distant homolog of the mammalian centromere 
CENP-C protein (Meluh & Koshland 1995). Subsequently, several groups cloned 
different human and mouse homologs of S. cerevisiae SMT3 by sequence homol- 
ogy and called them hSmt3 (Mannen et al 1996) or Smt3A, Smt3B, and Smt3C 
(Chen et al 1 998, Lapenta et al 1997). At about the same time, SUMOl was recog- 
nized as an interacting factor in a number of two-hybrid interaction screens. Shen 
and co-workers discovered SUMOl (here called Ubll for ubiquitin-like protein 1) 
using either Rad5 1 or Rad52 as baits, but they could not demonstrate strong inter- 
actions between these proteins outside of the two-hybrid screen (Shen et al 1 996b). 
Boddy and co-workers used pro myelocytic leukemia protein (PML), a RING fin- 
ger protein involved in acute promyelocytic leukemia, as bait and isolated a small 
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ubiquitin-related protein, which they called PIC1 for PML interacting protein 1 
(Boddy et al 1996). While they could not demonstrate a direct protein-protein 
interaction, they found that PML and PIC1 colocalize in the so-called POD or 
PD10 nuclear bodies. Using the death domain of the Fas/Apo receptor as bait 
in the yeast two-hybrid system, Okura and co-workers also identified SUMOl, 
which they called sentrin, after sentry, because it appeared to have a guardian func- 
tion against cell death signaling (Okura et al 1996). Interestingly, this two-hybrid 
interaction requires a functional death domain. In vitro pull-down experiments 
indicated a direct interaction of SUMOl with the functional, but not the defec- 
tive, death, domains, but the physiological relevance of this interaction remains 
to be elucidated. Shortly thereafter two publications reported that the GTPase- 
activating protein RanGAPl is covalently attached to a novel ubiquitin-related 
protein. Matunis & Blobel christened this protein GMP1, for GAP-modifying 
protein 1 (Matunis et al 1 996), and we called it SUMO 1 , for small-ubiquitin-related 
modifier (Mahajan et al 1997). 



SUMO GENES— FROM YEAST TO HUMANS 

Members of the SUMO protein family appear to be present in protozoa, metazoa, 
plants, and fungi (yeasts). Figure 1 (see color insert) shows a phylogenetic tree 
of SUMO sequences of selected species. SUMO proteins from metazoa can be 
divided into two families: SUMOl proteins and SUM02/SUM03 proteins. Within 
a given species, SUMOl and SUM02/3 proteins are about 50% identical to each 
other. Plant SUMO proteins and SUMO proteins from fungi and yeast fall into 
two groups distinct from both SUMOl and SUM02/3 proteins. 

S. cerevisiae contains a single essential SUMO gene, SMT3 (Johnson et al 
1997, Meluh & Koshland 1995). In contrast, the Schizosaccharomyces pombe 
homolog Pmt3 is not truly essential (Tanaka et al 1999). However, disruption 
leads to severe growth defects and phenotypes such as aberrant mitosis, increase 
in telomere length, and defects in chromosome segregation. Analysis of an 
expressed sequence tag (EST) and genomic databases indicates the presence of 
at least one SUMO family member in Aspergillus nidulans, Botrytis cinerea, 
Dictyostelium discoideum, Candida albicans and C. trypanosoma. The best-char- 
acterized plant SUMO protein is T-SUMO from tomato (Hanania et al 1999). It 
was identified through its interaction with ethylene-inducing xylanase from the 
fungus Trichoderma viride and has been implicated through antisense experi- 
ments in plant defense responses that lead to programmed cell death. ESTc- 
DNAs encoding SUMO proteins have been found in libraries from many plant 
species (e.g. soja, maize, rice, pine tree, cedar, etc), and Vierstra & Callis re- 
port the presence of at least three different expressed SUMO species in Ara- 
bidopsis (Vierstra & Callis 1999, unpublished data). Zebrafish and Xenopus 
laevis have both SUMOl and SUM02/3 proteins, Caenorhabditis elegans has 
apparently only a SUMOl family member (Choudhury & Li 1997), whereas silk 
worm expresses cDNAs for a SUM02/3 protein. A Drosophila melanogaster 
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Figure 1 Phylogenetic tree of SUMO proteins. The calculation was done using the Vector 
NTI Suite™ software module AlignX™. Aligned cDNAs are listed by their accession 
numbers; additional information is provided in brackets. 
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SUM02 protein has been described (Bhaskar et al 2000, Huang et al 1998), but 
there is currently no strong evidence for a SUMOl in this organism. While 
Northern blot analysis revealed two different SUMO transcripts in Drosophila 
embryos, larvae, and adult tissue, it is currently unknown whether these derive 
from the same SUMO genes. Both mice and humans have at least three differ- 
ent SUMO proteins, SUMOl, SUM02, and SUM03. Although SUM02 and 
SUM03 are very similar at the amino acid level (87% sequence identity for 
the human proteins), they are only 47% identical to SUMOl. Transcripts for 
SUMOl, SUM02, and SUM03 can be detected in all human and mouse tis- 
sues, indicating that these proteins are ubiquitously expressed (Chen et al 1998, 
Howe et al 1998, Lapenta et al 1997, Mannen et al 1996, Shen et al 1996b). In 
addition to SUMO genes (Lapenta et al 1997, Shen et al 1996b) and a SUMOl- 
like gene (Collins et al 1998), three different processed pseudogenes for human 
SUMOl and two pseudogenes for mouse SUMOl have been identified (Howe 
et al 1998). Whether these pseudogenes are expressed remains to be seen. 

Interestingly, SUM03 was recently found in a bovine viral diarrhea virus 
(BVDV) (Qi et al 1 998). It has been known for some time that ubiquitin insertions 
in some cytopathic BVDV play a key role in the conversion of a noncytopathic 
(nc) to a cytopathic (cp) viral strain. In the genome of these viruses, ubiquitin is 
integrated into the open reading frame of the nonstructural protein NS2-3. Cel- 
lular ubiquitin C-terminal hydrolases cleave the resulting fusion protein after the 
ubiquitin GlyGly motif, thereby releasing the C-terminal domain of NS2-3 (NS3). 
Expression of this truncated protein is the only known difference between the 
cp and nc forms of the virus. The integration of SUM03 into the viral genome 
appears to play the same role as ubiquitin in the generation of NS3 and the resulting 
cytopathy of the virus. 



SUMO 1— STRUCTURE 

Human SUMOl shares only 18% sequence identity with ubiquitin. Nevertheless, 
NMR structure analysis (Bayer et al 1 998) revealed that SUMO 1 contains the char- 
acteristic p/3a/3Pafi ubiquitin-fold common to ubiquitin-like proteins (reviewed 
in Mayer et al 1998), and the three-dimensional folds of SUMOl and ubiquitin can 
be superimposed (Figure 2). The GlyGly motif at the C terminus of both proteins, 
which is the site of attachment to enzymes and target proteins, is also positioned 
alike. In contrast, the surface charge distribution is significantly different between 
both proteins. It is therefore not surprising that the factors involved in SUMO 
conjugation are related to, but not identical to, ubiquitinating enzymes. 

A key difference between ubiquitin and SUMO is the apparent inability of 
SUMO to be conjugated to itself. This is explained, at least in part, by the 
finding that neither lysine 48 nor other lysines used more rarely for ubiquitin 
chain formation (Pickart 1997) are conserved in SUMO. The most prominent 
difference between members of the SUMO family and other ubiquitin-related pro- 
teins (including ubiquitin) is a very flexible N-terminal extension present in SUMO. 
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Figure 2 Comparison of the three-dimensional structures of SUMOl and ubiquitin. 
Shown are the NMR structure of human SUMO 1 (Bayer et al 1 998) and the crystal structure 
of human ubiquitin (Vijay-Kumar et al 1987). The figure was modified from a file provided 
by J Becker. 



This extension varies among different SUMO proteins from 1 1 to 35 amino acids 
and is reasonably well conserved within, but not between, different, SUMO fam- 
ilies. The N-terminal extension of S. cerevisiae SUMO contains three repeats 
of the amino acid sequence motif (E/D)xKP, and one of these motifs is found in 
most SUMO proteins. In addition, N termini of all SUMO proteins are rich in 
charged amino acids, glycines, and prolines. Although the function of this ex- 
tension is unknown, its characteristics make it an excellent candidate for specific 
protein/protein interactions. 



ENZYMES INVOLVED IN SUMO LIGATION 
AND CLEAVAGE 

Overview 

Several of the enzymes involved in SUMO processing, conjugation, and decon- 
jugation have been cloned and characterized in the last few years (Figure 3). As 
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Figure 3 The SUMOlation pathway. After SUMO is proteolytically processed by 
C-terminal hydrolases, it serves as the substrate in the ATP-dependent formation of an 
isopeptide bond between the free carboxyl group of the C-terminal glycine in SUMO and 
the e-amino group of a lysine in the acceptor protein. This reaction is mediated by the 
El enzyme Aosl/Uba2 and the E2 enzyme Ubc9. Whether E3 ligases are required for 
efficient modification in vivo is presently unknown. Cleavage of the isopeptide bond is 
mediated by isopeptidases. 

can be expected from the high degree of structural similarity between SUMO and 
ubiquitin, the general mechanism of conjugation and the enzymes themselves are 
highly related. SUMO is first activated in an ATP-dependent reaction by for- 
mation of a thioester bond with an El (SUMO-activating) enzyme. In contrast 
to the ubiquitin-activating enzyme, the SUMO-E1 is a heterodimer consisting 
of a 40- and a 70-kDa subunit (Aosl and Uba2, respectively). In a second re- 
action, SUMO is transferred to the SUMO conjugating (E2) enzyme Ubc9. In 
ubiquitination, E3 enzymes (ubiquitin ligases) ensure substrate specificity and are 
themselves also targets for significant regulation. While it is highly likely that 
similar factors also facilitate or mediate attachment of SUMO to its targets, such 
proteins are still unidentified. SUMOl needs to be proteolytically processed prior 
to its conjugation and, like ubiquitination, SUMO modification is reversible. Four 
SUMO C-terminal hydrolases/isopeptidases have now been identified, Ulpl and 
Ulp2 from S. cerevisiae and SUSP1 and Senpl from humans. Interestingly, these 
enzymes are not related to their ubiquitin counterparts, instead they resemble viral 
cysteine-proteases in their catalytic core domain. 

SUMO-Activating Enzyme Aosl/Uba2 

S. cerevisiae SUMO-activating enzyme is a heterodimer consisting of the 38-kDa 
Aosl and the 71-kDa Uba2 (Dohmen et al 1995, Johnson et al 1997). Both 
subunits are conserved from yeast to human and are essential in S. cerevisiae. 
S. cerevisiae Aosl is 29% identical to the N-terminal region of the yeast ubiquitin 
El Ubal, whereas Uba2 shares 28% identity with 561 residues in the C-terminal 
half of Ubal. These regions of homology include two conserved nucleotide- 
binding motifs (one in Aosl, one in Uba2) and a consensus sequence around 
the active cysteine site in Uba2. In addition to this conserved domain, Uba2 con- 
tains an unrelated domain at its C-terminal end. This Uba2-specific domain does 
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not seem essential in S. cerevisiae because replacement of wild-type (wt) UBA2 
with a mutant lacking the last 115 amino acids was viable (del Olmo et al 1997). 

S. cerevisiae Uba2 was identified serendipitously by Dohmen and co-workers 
in 1 995, but its function as a SUMO-activating enzyme was only demonstrated two 
years later (Johnson et al 1997). Inspired by the homology of Uba2 to Ubal, the 
authors speculated that Uba2 was involved in SUMO conjugation. They exploited 
the intrinsic ability of El enzymes to form thioester bonds with their substrates in 
the presence of ATP. However, it was found that Uba2 alone was not sufficient for 
thioester bond formation; a second protein, present in the yeast extract, was also 
required. This protein, Aosl, assembles with Uba2 to form an active SUMO El 
enzyme in vitro. In vivo evidence for a role of Uba2 in SUMO conjugation came 
from investigation of a temperature-sensitive mutant of Uba2 that showed a striking 
decrease in SUMO conjugation at the restrictive temperature. At about the same 
time, Shayeghi et al described rad31, a {7R47-related gene from fission yeast that 
is required for DNA damage tolerance (Shayeghi et al 1997). Based on sequence 
homology and complementation studies, radii is the fission yeast equivalent to 
S. cerevisiae Aosl. In contrast to Aosl, S.pombe radii is not essential. However, 
disruption leads to slow growth and to a high-frequency loss of minichromosomes. 

Two years later, three groups identified the human homologs of Aosl (Aosl, 
Sual, or SAE1) and Uba2 (Uba2 or SAE2). Desterro and co-workers (1999) 
followed a biochemical approach for the identification of a SUMOl El enzyme; 
two other groups cloned Aosl and Uba2 from ESTclones with sequence homology 
to their yeast counterparts (Gong et al 1999, Okuma et al 1999). Human Aosl 
(38 kDa) and Uba2 (72 kDa) are 33 and 34% identical to their respective yeast 
homologs, form thioester bonds with SUMOl, SUM02, and SUM03 (Gong et al 
1999), and are required for SUMOl modification of LcBa (Desterro et al 1999), 
p53 (Rodriguez et al 1999) and RanGAPl (Okuma et al 1999). There is some 
discrepancy regarding the apparent size of Uba2 in SDS PAGE. Uba2 was reported 
to migrate either at 70 or at 90 kDa in SDS PAGE, independent of the expression or 
translation systems used (del Olmo et al 1997, Desterro et al 1999, Dohmen et al 
1 995, Gong et al 1 999, Okuma et al 1 999). Although the reason for this discrepancy 
is not clear, one possibility could be that Uba2 is prone to limited proteolysis. Not 
much is known about expression pattern of the SUMO El enzyme, but basic local 
alignment search tool (BLAST) searches reveal EST cDNAs for both subunits from 
many different mammalian adult and embryo tissues, as well as from cultured cells, 
indicating that these proteins are ubiquitously expressed. Interestingly, Uba2 is 
a target for ubiquitination in yeast (Dohmen et al 1995); whether this is used to 
regulate efficiency of SUMOlation remains to be seen. The subcellular localization 
of Aosl and Uba2 has not been studied in detail, but tagged Uba2 expressed from 
a high-copy plasmid was found enriched in the nucleus of S. cerevisiae (Dohmen 
etall995). 

A specific binding partner for yeast Uba2 has been identified by two-hybrid 
interaction screening and co-immunoprecipitation. This binding partner is the 
poly(A) polymerase Papl, which is responsible for the addition of the adenylate 



SUMO 599 



tail to the 3' end of mRNA (del Olmo et al 1997). A physiological significance 
of this interaction was suggested by in vitro polyadenylation experiments with 
Uba2-depleted extracts. In these extracts, polyadenylation activity is signifi- 
cantly reduced. While this may indicate that components of the polyadenyla- 
tion machinery depend on SUMO modification, Papl itself does not appear to be 
posttranslationally modified. 

SUMO-Conjugating Enzyme Ubc9 

With 56% amino acid identity between the S. cerevisiae and the human protein 
(Seufert et al 1995, Watanabe et al 1996), Ubc9 is highly conserved from yeast to 
human, and mammalian Ubc9 can complement a temperature-sensitive (ts) muta- 
tion in the essential S. cerevisiae Ubc9 gene (Hateboer et al 1996, Kovalenko et al 
1996, Yasugi & Howley 1996). The similarities between SUMO and ubiquitin are 
reiterated by the striking similarity between Ubc9 and the large family of ubiquitin- 
conjugating enzymes (Giraud et al 1 998, Haas & Siepmann 1 997, Tong et al 1 997). 
Yeast Ubc9 shares 33 and 36% amino acid identity with the ubiquitin-conjugating 
enzymes S. cerevisiae Ubc4 and Ubc7, and the a -carbon backbones of human Ubc9 
and plant Ubcl can be superimposed in most part. However, like SUMO 1 and ubiq- 
uitin, Ubc9 and ubiquitin E2s have very different surface charge distributions. Ubc9 
contains a much more positively charged noncatalytic face (isoelectric points of 
Ubc9 and ubiquitin E2s are 8.7 versus 6.7 and lower). A recent NMR study, map- 
ping the interface between Ubc9 and SUMOl, indicates that Ubc9 and SUMOl 
have charged surfaces that are highly complementary in their electrostatic potential 
and hydrophobicity (Liu et al 1999). These findings nicely explain the striking 
specificity of Ubc9 for SUMO. The SUMOl residues implicated in Ubc9 binding 
are well conserved within all SUMO family members. This fact, the ability of 
human Ubc9 to replace yeast Ubc9, and the finding that SUMOl, SUM02, and 
SUM03 all form thioesters with Aosl/Uba2 in vitro and can be attached to the 
same proteins in vivo (Gong et al 1999, Kamitani et al 1998b), strongly suggest 
that Ubc9 is involved in the conjugation of all SUMO family members. 

S. cerevisiae Ubc9 was originally identified by Seufert and co-workers in 1995 
based on its sequence similarity to known ubiquitin-conjugating enzymes. This 
similarity, together with the finding that a ts mutation in Ubc9 resulted in a G2/M 
arrest with high levels of the S-phase cyclin Clb5 and the M-phase cyclin Clb2, led 
to the assumption that Ubc9 is a bona fide ubiquitin-conjugating enzyme involved 
in cyclin degradation. Gene disruption of Ubc9 is lethal; although the spores 
germinate, they die after a few cell divisions. At the same time, al-Khodairy and 
co-workers identified S. pombe Ubc9 (hus5) in a screen for DNA damage check- 
point control (al-Khodairy et al 1995). Although hus5 did not seem to be directly 
involved in the checkpoint control, it was required for efficient recovery from DNA 
damage or S-phase arrest. Gene disruption of hus5 is not immediately lethal, but 
the disrupted mutants are severely impaired in growth and exhibit high levels of 
abortive mitosis. It was not until 1997 that Ubc9 was identified as a SUMO E2 



600 MELCHIOR 



enzyme when Johnson & Blobel (1997) identified yeast Ubc9 by biochemical 
means as a SUMO-conjugating enzyme and demonstrated its requirement for 
conjugation of SUMO to unknown targets in a yeast extract. Shortly thereafter, 
two groups demonstrated that Ubc9 is required for conjugation of SUMOl to 
RanGAPl, at that time the only known SUMOl target, in mammalian oxXenopus 
extracts (Lee et al 1998, Saitoh et al 1998). Drosophila and mammalian homologs 
of Ubc9 were identified by many laboratories, mainly through two-hybrid interac- 
tion screens in which Ubc9 was pulled out as a strong binding partner (see below) 
and through characterization of the Drosophila mutant semushi (Epps & Tanda 
1998). 

Ubc9 has been found in several different subcellular compartments. In yeast, 
overexpressed Ubc9-/3 galactosidase fusion protein was localized inside the nu- 
cleus (Seufert et al 1995), similar to endogenous Drosophila Ubc9 (Joanisse 
et al 1998). By indirect immunofluorescence we detected endogenous mam- 
malian Ubc9 in the cytoplasm and nucleoplasm, but also enriched around the 
nuclear envelope. These results were confirmed by cell fractionation of rat liver, 
where the majority of Ubc9 fractionated with the cytosolic fraction (owing to 
its small size, monomeric Ubc9 is expected to leak out of the nucleus upon cell 
homogenization). However, a small fraction of Ubc9 is enriched in nuclear enve- 
lope fractions. This nuclear envelope-associated pool of Ubc9 is associated with 
RanGAPl and/or RanBP2 (Lee et al 1998). Association of Ubc9 with RanGAPl 
and RanBP2 has also been found inX laevis oocyte extracts (Saitoh et al 1997a). 
Additionally, Ubc9 was detected at the synaptonemal complex in mouse prophase 
spermatocytes (Kovalenko et al 1996). 

Human cells have a single Ubc9 gene that has been mapped by fluorescence 
in situ hybridization (FISH) to chromosome band 16pl3.3. A predominant tran- 
script of 1.3 kb and two minor transcripts at 3.3 (2.8 kb) and 6.4 kb (4.4 kb) were 
detected in many human tissues and cell lines, thus indicating that Ubc9 is ubiqui- 
tously expressed (Kovalenko et al 1996, Wang et al 1996, Watanabe et al 1996). In 
mouse, a single gene as well as three intronless processed pseudogenes, which may 
have arisen from retroposition of RNA molecules, were identified (Tsytsykova 
et al 1998). Two of these pseudogenes (ubc9-^ and ubc9-^2) contain open read- 
ing frames with a single (W41G) or three (R8H, H20Y, and P28S) amino acid 
substitutions each. These amino acid exchanges all lie in the N-terminal helix of 
Ubc9, which appears to play some role in the recognition of SUMO or the SUMO 
El enzyme. Interestingly, these derivatives fail to rescue the Ubc9 ts phenotype 
in S. cerevisiae and do not interact with the Fas/Apo receptor in yeast two-hybrid 
interaction studies. Whether these proteins play a physiological role in mice re- 
mains to be shown, but their existence opens up several intriguing possibilities. On 
the one hand, they may interact preferentially with SUM02 and SUM03, whose 
conjugation patterns are significantly different from that of SUMOl (see below); 
on the other hand, they could be involved in the modification of specific SUMOl 
targets by selectively interacting with (hypothetical) E3 SUMO ligases or other 
accessory factors. 
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SUMO-Ligating Enzymes? 

Ubiquitin-ligating (E3) enzymes are denned as enzymes that bind, directly or in- 
directly, specific protein substrates and promote the transfer of ubiquitin, directly 
or indirectly, from a thiolester intermediate to amide linkages with proteins or 
polyubiquitin chains (Hershko & Ciechanover 1998). This rather broad defini- 
tion became necessary after the realization that E3 enzymes fall into distinct sub- 
classes that promote ubiquitination via a variety of different mechanisms, with only 
some involving thioester bond formation between ubiquitin and the E3 enzyme. 
Although SUMO-ligating enzymes have not yet been identified, several observa- 
tions strongly suggest their existence. First, in vitro modification of the SUMOl 
targets RanGAPl, IicBa, and p53 with purified or recombinant El and E2 en- 
zymes (Desterro et al 1998, Okuma et al 1999, Rodriguez et al 1999; U Gartner & 
F Melchior, unpublished data) is very inefficient compared with RanGAP 1 SUMO- 
lation in complete cell extracts (Mahajan et al 1997). Second, if Ubc9 itself rec- 
ognized its targets efficiently, one would expect at least some sequence homology 
between different SUMO targets. For three targets relatively short domains that 
are sufficient for SUMOl modification have been denned: amino acids 400-595 
in mouse RanGAPl (Matunis et al 1998), amino acids 294-393 in p53 (Gostissa 
et al 1999), and amino acids 1-256 in IkBcx (Desterro et al 1998). No obvious 
sequence homology has been depicted among these protein fragments. Third, al- 
though the human SUMOl target topoisomerase I can be efficiently modified with 
Smt3 when expressed in S. cerevisiae (Mao et al 2000; see below), this is not 
the case for mouse RanGAPl (A Gast & F Melchior, unpublished data), which 
suggests that yeast lacks a RanGAPl -specific factor for modification. Perhaps the 
best argument for the existence of substrate-specific ligating enzymes comes from 
the observation that SUMOl and SUM02/3 are conjugated to different targets in 
vivo and that their conjugation appears to be differentially regulated (Saitoh & 
Hinchey 2000; see below). 

SUMO C-Terminal Hydrolases and Isopeptidases 

Ubiquitin C-terminal hydrolases and/or isopeptidases (deubiquitinating enzymes, 
DUBs) are thiol proteases that hydrolyze ester, thiol ester, and amide bonds to 
the carboxyl group of Gly76 of ubiquitin. Their physiological functions involve 
processing of ubiquitin precursors, salvage of ubiquitin that has been trapped by 
reaction with small cellular nucleophiles such as thiols and amines, disassembly 
of polyubiquitin chains and recycling of ubiquitin from late proteolytic inter- 
mediates, as well as regulation of the ubiquitination state of proteins (Chung & 
Baek 1999, Wilkinson 1997). Like ubiquitin, SUMO proteins are expressed as 
precursors that need to be proteolytically processed by C-terminal hydrolases to 
make the C-terminal Gly Gly motif available for conjugation. While there is cur- 
rently no evidence for the existence of poly-SUMO chains that require cleaving by 
isopeptidases, SUMO-protein conjugates are highly susceptible to deconjugation 
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in cell extracts and different subcellular fractions, indicating the presence of several 
isopeptidases. 

At the present time, two related SUMO processing enzymes have been found in 
S. cerevisiae, 72-kDaUlpl (Li & Hochstrasser 1999) and the 1 1 7-kDa Ulp2/Smt4p 
(Li & Hochstrasser 2000; I Schwienhorst, E Johnson, RJ Dohmen, personal com- 
munication). Two human enzymes have recently been cloned owing to their weak 
homology to Ulpl, and analysis of EST cDNAs indicates the presence of a large 
family of related proteins . The characterized proteins are the 73 -kDa protein Senp 1 
(Gong et al 2000) and the 126-kDa protein SUSP1 (Kim et al 2000). In addition, 
a 30-kDa SUMOl C-terminal hydrolase has been biochemically enriched from 
bovine brain (Suzuki et al 1999). All five proteins appear to have C-terminal 
hydrolase activity, and Ulpl, Ulp2, Senpl, and the 30-kDa protein also cleave 
isopeptide bonds in vitro. Like the deubiquitinating enzymes, Ulpl, Ulp2, Senpl, 
and SUSP1 are cysteine proteases, but they are unrelated in sequence to DUBs. 
Instead, as Li & Hochstrasser discovered, these proteins share some homology 
with the adenovirus L3 protease, a cysteine protease that cleaves viral protein pre- 
cursors after a GlyGlyX motif. The sequence similarity between Ulpl, SUSP1, 
and Senpl is restricted to a 200-amino acid area surrounding the 90-amino acid 
core domain common to viral proteases and Ulp-related sequences from yeast to 
human. Four key catalytic residues of the adenovirus protease are conserved in all 
Ulpl -related sequences, and mutation of two of these residues (Cys 580 Ser and 
His 5 1 4 Arg) in S. cerevisiae Ulp 1 leads to loss of its C-terminal hydrolase activity 
(Li & Hochstrasser 1999). These findings suggest that Ulp proteins may use a 
catalytic mechanism similar to that of the viral proteases. Several viral infections 
seem to interfere with SUMOlation of proteins such as PML (see below), and one 
might speculate that viral proteases play a direct role in this. It will be extremely 
interesting to test their activity toward SUMOlated proteins. 

Li & Hochstrasser (1999) identified S. cerevisiae Ulpl by screening a genomic 
expression library for activity against a His6-ubiquitin-SUMO-HA fusion protein. 
Upon sequencing of Ulp 1 , they realized that it contains weak but significant homol- 
ogy to Smt4. Like SUMOl, this protein had been found in a high-copy-suppressor 
screen for Mif2, but its function remained obscure (Meluh & Koshland 1 995). Bio- 
chemical analysis confirmed that Smt4 is in fact a SUMO hydrolase and it was 
thus renamed Ulp2 (Li & Hochstrasser 2000). At the same time, Ulp2 was iden- 
tified in a screen for spontaneous suppressors of a uba2-\s strain (I Schwienhorst, 
E Johnson, RJ Dohmen, personal communication). Analysis of a temperature- 
sensitive mutant and gene disruption studies indicates that Ulpl is an essential 
protein required for deconjugation of SUMO targets. Ulpl-ts cells arrest at the 
G2/M boundary when shifted to the restrictive temperature, suggesting that at least 
one of its substrates needs to be deconjugated for progression through mitosis. In 
addition, Ulpl seems to be involved in processing full-length SUMO because the 
lethality of Ulpl disruption can be partially overcome by overexpressing mature 
SUMO. In contrast to Ulpl, Ulp2 is not absolutely essential. However, disruption 
leads to pleiotropic phenotypes including slow and temperature-sensitive growth, 
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defects in cell morphology, chromosome instability, and sporulation defects. Like 
Ulpl, Ulp2 appears to function as an isopeptidase in vivo, but it seems to play only 
a minor role in processing SUMO. Interestingly, disruption of Ulp2 in a uba2-ts 
background allows normal growth, indicating that SUMO conjugation and decon- 
jugation must be balanced for cells to grow normally (I Schwienhorst, E Johnson, 
RJ Dohmen, personal communication). Somewhat puzzling is the finding that 
ulpl-Xs defects can be partially overcome by deletion of ULP2. One possible 
explanation is that Ulpl and Ulp2 control the modification levels of proteins in 
opposing pathways (Li & Hochstrasser 2000). 

Interestingly, Ulpl and Ulp2 in yeast, and SUSP1 and Senpl in mammalian 
cells, localize to different subcellular compartments. Both Ulp2 and Senpl are 
predominantly intranuclear; Ulpl appears to be concentrated around the nuclear 
envelope, and SUSP1 is found in the cytoplasm (Gong et al 2000, Kim et al 2000, 
Li & Hochstrasser 2000). Overexpression experiments suggest that Senpl cleaves 
SUMOlated PML and most unknown SUMO conjugates but not SUMOlated 
RanGAPl, consistent with its localization in the nucleus (Gong et al 2000). 



DYNAMIC MODIFICATION BY SUMO 

SUMO Conjugation in Yeast 

In S. cerevisiae, SUMO conjugation seems to be essential for viability as SMT3, 
UBA2, AOS1, UBC9, and ULP1 are all essential genes. Moreover, mutations of 
the catalytic cysteines in both Ubc9 and Uba2, as well as deletion of the C-terminal 
Gly Gly motif in SUMO, are not viable (Dohmen et al 1 995, Johnson et al 1 997, Li 
& Hochstrasser 1999, Seufert etal 1995). Temperature-sensitive alleles of SMT3, 
AOS1, UBA2, and UBC9 lead to an accumulation of G2/M cells at the restrictive 
temperature, indicating that conjugation of SUMO to at least one protein may be 
important for progression through mitosis. A similar G2/M arrest was observed 
for yeast carrying a ts-allele of Ulpl (Li & Hochstrasser 1999). This arrest was 
not overcome by simultaneous overexpression of processed SUMO, suggesting 
that cleavage of a SUMO-protein conjugate rather than lack of free SUMO for 
conjugation was the reason for the cell cycle arrest in this strain. Together, these 
findings indicate that both conjugation and deconjugation of SUMO are required 
for progression through mitosis. 

Consistent with a dynamic role of the SUMO modification is the observation that 
SUMO conjugation patterns differ significantly in cultures growing exponentially 
or approaching stationary phase and in cultures arrested in different cell cycle 
phases (Li & Hochstrasser 1999, Takahashi et al 1999). By immunofluorescence 
analysis SUMO localizes to the nucleus in all stages of the cell cycle, but most 
strikingly is localized to a ring at the bud neck only during mitosis. This ring 
persists through anaphase and disappears abruptly at cytokinesis. SUMO staining 
at the bud neck is (predominantly) from SUMOlated septins Cdc3, Cdcll, and 
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Shsl/Sep7 (Johnson & Blobel 1999, Takahashi et al 1999; see below). However, 
septin modification does not seem to be required for the G2/M transition, indicating 
that the essential SUMO target(s) is still at large. 

Another mitotic function in which SUMO has been implicated (albeit much 
more indirectly) is chromosome segregation. SUMO (SMT3) as well as Ulp2 
(SMT4) were both originally identified as high-copy suppressors of a mutant in 
the centromere protein Mif2 (Meluh & Koshland 1995), and yeast Ubc9 interacts 
in two-hybrid screens with CbOp, a subunit of the centromere DNA-binding core 
complex CBF3 (Jiang & Koltin 1996). A putative role for SUMO in chromo- 
some segregation is further supported by studies in fission yeast. In contrast to 
S. cerevisiae, Schizosaccharomyces pombe does not absolutely require SUMOla- 
tion for viability. Neither pmt3 (the gene for SUMO) nor radSl (S. pombe Aosl), 
nor hus5 (the gene for S. pombe Ubc9) are truly essential (al-Khodairy et al 1995, 
Shayeghi et al 1997, Tanaka et al 1999). However, disruption of any of these three 
genes leads to high levels of abortive mitosis and loss of minichromosomes, defects 
that would be consistent with a role of these genes in chromosome segregation. 
Moreover, GFP-SUMO, which can functionally replace the wt protein, seems to 
partially colocalize with spindle pole bodies in interphase but not in prometaphase 
and metaphase (Tanaka et al 1999). In addition to defects in chromosome segre- 
gation, disruption of S. pombe SUMO also leads to a striking increase in telomere 
length that can be reversed by reintroduction of SUMO. However, because of the 
large number of unknown proteins that appear to be conjugated to SUMO both in 
S. cerevisiae and in S. pombe, any of the phenotypes described above could be rather 
indirect. Without identification of specific targets, we are far from understanding 
the in vivo function of this post-translational modification. 

SUMOl and SUM02/3 Conjugation in Mammalian Cells 

At least three SUMO proteins are expressed in mammalian cells: SUMOl and the 
highly related proteins SUM02 and SUM03 . Whereas the in vitro data suggest that 
all three are conjugated via the Aosl/Uba2 and Ubc9 pathways, their conjugation 
patterns are clearly distinct (Saitoh & Hinchey 2000 and references therein). A 
large number of predominantly bigh-molecular-weight proteins are conjugated 
to SUMOl in mammalian cells, and very little free SUMOl is detectable. The 
majority of the SUMO conjugates reside inside the nucleus, in part concentrated 
in different nuclear speckles, and at the nuclear envelope. In addition, SUMOl 
can be detected at the nuclear envelope and to a smaller extent in the cytoplasm. 
Whether the cytoplasmic signals derive exclusively from free SUMOl or also 
represent some cytoplasmic SUMO conjugates remains to be seen. In contrast to 
the findings in yeast, the overall pattern of SUMOl conjugation in mammalian 
cells does not appear to change dramatically during and upon exit of the cell cycle. 
Moreover, different stress treatments such as heat shock, oxidative, or osmotic 
stress do not alter the overall SUMOl conjugation pattern. However, individual 
proteins may well be affected by the cell cycle state or by stress. In fact, for the 
SUMO target PML, cell cycle-dependent SUMOlation has been described (Everett 
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et al 1999). Moreover, the level of SUMOl modification of topoisomerase I and 
of mdm2 changes dramatically upon DNA damage (Mao et al 2000, Buschmann 
et al 2000; see below). 

Quite a different picture emerges for SUM02/SUM03 conjugation. With the 
help of antibodies that specifically recognize SUMOl or SUM02/3, Saitoh & 
Hinchey (2000) found that a large amount of free SUM02/3 but very few conju- 
gates are present in cells kept at normal growth conditions. This was dramatically 
changed upon heat shock and oxidative or ethanol stress. Massive conjugation to 
predominantly high-molecular-weight proteins was visible 5 min after elevation 
of the temperature to 42° C, indicating that post-translational mechanisms are re- 
sponsible for the activation of this pathway. These findings further the idea that 
SUMOl and SUM02/3 are not interchangeable proteins but play distinct roles 
in the modification of specific targets. This is also supported by the rinding that 
the bona fide SUMOl target RanGAPl protein does not appear to be conjugated 
to SUM02/3 at significant levels in vivo (Saitoh & Hinchey 2000). This last re- 
sult is in apparent conflict with a report that showed conjugates of RanGAPl, as 
well as PML, with all three members of the SUMO family in transfection exper- 
iments (Kamitani et al 1998b). However, this may have been a consequence of 
overexpression of SUMO proteins. 

SUMO TARGETS 

A major difficulty in identifying SUMO targets has been that these proteins are 
rapidly deconjugated by isopeptidases upon cell lysis in nondenaturing buffers. 
An exception is RanGAPl, which appears to be conjugated even more efficiently 
in vitro than in vivo. Moreover, due to the bulky modification, antibodies may 
fail to recognize the modified proteins. Finally, only a tiny subpopulation of most 
targets seem to be conjugated to SUMO at steady-state levels in vivo. This may 
explain why even for the extensively studied proteins I/cBor and p53, this post- 
translational modification has long been overlooked. Experimental conditions that 
have eventually allowed identification of the modification are lysis of cells under 
denaturing conditions and use of iV-ethylmaleimide or iodoacetimide to inhibit 
isopeptidases. Overexpression of SUMOl or Ubc9 in cells increases the level of 
SUMOlation and has therefore also helped to detect the modification of specific 
targets. Of the large number of SUMOlated proteins detected by Western blot 
analysis, 19 have been identified (Table 1). A brief description of these proteins 
follows below; for a more detailed review on the modification of PML and I/cBa 
see Rretz-Remy & Tanguay 1999. 

RanGAPl 

The first identified target for SUMOl modification was RanGAPl, the GTPase- 
activating protein for the Ras-related GTPase Ran that is involved in nucleocyto- 
plasmic transport (Mahajan et al 1997, Matunis et al 1996). RanGAPl is present 



TABLE 1 Bona fide SUMO targets 



Target 



Two-hybrid 
with 



PEST 
sequence 3 



RanBP2 
PML 



SplOO 



I/cBa 

D. melanogaster 

Dorsal 

p53 



HIPK2 

S. cerevisiae Cdc3 

S. cerevisiae Cdcl 1 
S. cerevisiae 
Sep7/Shsl 
hCMV IE1 
hCMV IE2 



D. melanogaster 

Tramtrack 
Topoisomerase I 
Glutl (?) 
Glut4 (?) 
Mdm2 



Ubc9 
SUMOl 



Ubc9 
Ubc9 



Ubc9 
Ubc9 



Ubc9 

SUMOl 

SUM03 



UBC9 
UBC9 



Mahajan etal 1997, 
Matunis etal 1996; 
Saitoh etal 1998 

Saitoh etal 1998 

Boddy etal 1996, Duprez 
etal 1999, Kamitani etal 
1998b, Miiller etal 1998, 
Sternsdorfetal 1997 

Sternsdorfetal 1997; 
Sternsdorfet al 1999 

Desterro etal 1998 

Bhaskar et al 2000 



Gostissaetal 1999, 
Miiller et al 2000, 
Rodriguez etal 1999, 
Shenetal 1996a 

Gottlicher et al 1996, 
Miiller et al 2000 

Kim etal 1999 

Johnson & Blobel 1999, 
Takahashi et al 1999 

Johnson & Blobel 1999 

Johnson & Blobel 1999 

Miiller & Dejean 1999 
Hofmann et al 2000 



Lehembre et al 2000 

Mao etal 2000 
Giorgino et al 2000 
Giorgino et al 2000 
Buschmann et al 2000 



a As determined by the PEST-find algorithm developed by Rechsteiner & Rogers (w 
tools/bio/PESTfind/). 

+ indicates at least one PEST-like sequence with a score above +5. 
0 indicates at least one PEST-like sequence with a score between 0 and 5. 
— indicates a score below 0. 
(?) see text. 
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in the cytoplasm and at the cytoplasmic filaments of the nuclear pore complexes, 
where it forms a stable complex with the 358-kDa protein RanBP2/Nup358. It is 
this pore complex-associated RanGAPl and not the cytoplasmic pool that func- 
tions in nucleocytoplasmic transport (Mahajan et al 1997). The association of 
RanGAPl with RanBP2 depends on the modification of RanGAPl with a sin- 
gle SUMOl molecule that is attached to lysine 526 in RanGAPl. While a 100- 
amino acid domain of RanGAP 1 is sufficient for SUMO modification (amino acids 
502-592), an additional 83 amino acids of RanGAPl are required for subsequent 
association of SUMOlated RanGAPl with RanBP2 (Matunis et al 1998). This 
indicates that necessary binding information for RanBP2 resides in RanGAPl. 
SUMOl itself does not bind to RanBP2. Whether it contributes to the RanBP2 
binding or alters the conformation of RanGAPl such that a hidden binding site 
becomes accessible remains to be seen. Activities that reverse RanGAPl SUMO- 
lation have been found in both cytosolic and nuclear envelope extracts (Mahajan 
et al 1997, Matunis et al 1996), and in cytosolic extracts RanGAPl undergoes 
rapid cycles of modification and demodification (T Biisgen & F Melchior, unpub- 
lished data). In contrast, RanGAPl -SUMOl that is associated with RanBP2 at 
nuclear pore complexes is not subject to rapid demodification in vitro (Mahajan 
etal 1998), indicating that association with RanBP2 protects SUMOlated RanGAPl 
from isopeptidases. Mechanisms that would either allow access of isopeptidases 
to NPC-associated RanGAPl or lead to a disruption of the RanBP2/RanGAP- 
SUMOl complex are not known. Interestingly, yeast RanGAP is exclusively 
cytoplasmic and not SUMOlated because it lacks the C-terminal 20-kDa domain 
of its mammalian counterpart. This suggests that the SUMOl -dependent localiza- 
tion of RanGAPl to the pore complexes in higher eukaryotes is not essential for 
the basic mechanism of nucleocytoplasmic transport. Rather, it may increase effi- 
ciency of the translocation machinery by placing RanGAPl at the pore complex. 
An intriguing possibility we are currently pursuing is that SUMOl -dependent lo- 
calization of RanGAPl at RanBP2 may be a controlled process involved in the 
regulation of nuclear protein import rates. 

RanBP2 

The binding partner for SUMOlated RanGAPl, the 358-kDa nuclear pore com- 
plex protein RanBP2, also seems to be a target for SUMOlation. This has been 
reported by Saitoh and co-workers for RanBP2 in X. laevis egg extracts. They 
initially found that Ubc9 coprecipitates with RanBP2 and RanGAPl and subse- 
quently showed that Ubc9 is required for conjugation of RanGAPl with SUMOl 
(Saitoh et al 1998). During the course of these studies, they observed that RanBP2 
immunoprecipitated fromX. laevis extracts reacts with anti-SUMOl antibodies. 
Subsequent identification of a RanBP2 subdomain that is SUMOlated in vitro in- 
dicated that this domain overlaps with the Ubc9-binding site (Saitoh et al 1 998), as 
well as with the site that binds to SUMOlated RanGAPl (Matunis et al 1998). The 
function for the RanBP2 modification is unknown, and there is as yet no evidence 
for an in vivo modification of RanBP2. SUMOlation of RanBP2 is not required 
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for its interaction with SUMOlated RanGAPl or with Ubc9 because RanBP2 in 
isolated rat liver nuclear envelopes is unmodified but nevertheless coprecipitates 
with both proteins (Lee et al 1998). 



PML 

PML is a interferon -inducible RING finger-containing nuclear phosphoprotein of 
unknown function that forms homodimers via its coiled-coil domain. Its name 
stems from the finding that the PML gene has undergone a fusion with the retinoic 
acid receptor otgene in the majority of patients with acute promyelocytic leukemia 
(APL) (reviewed in Lin et al 1999). PML is highly enriched in subnuclear struc- 
tures called PODs, PML nuclear bodies or PD10 bodies, but is also present in the 
nucleoplasm and in the cytoplasm (Sternsdorf et al 1997 and references therein). 
The chimeric PML-RARa protein, which is expressed in cell lines derived from 
patients with acute promyelocytic leukemia, alters the distribution of PML from 
nuclear bodies into microdispersed particles. Normal distribution of PML in these 
cells can be reconstituted upon application of retinoic acid or As 2 0 3 , probably be- 
cause of selective degradation of the retinoic acid receptor-PML chimera. While 
the exact function of PODs remains an enigma, increasing evidence links them 
to the replication and transcription of DNA viruses and interferon-induced cel- 
lular defense mechanisms (reviewed in Maul 1998). PML was first implicated 
in the SUMOlation pathway through its interaction with SUMOl in two-hybrid 
interaction screens and the finding that both proteins colocalized in PODs (Boddy 
et al 1996). Subsequently, two groups (Muller et al 1998, Sternsdorf et al 1997) 
provided direct evidence for the presence of SUMOl -PML conjugates. Muta- 
genesis of PML indicates the existence of at least three lysine residues that can 
serve as the SUMOl acceptor sites (Duprez et al 1999, Kamitani et al 1998a). 
The analysis of PML SUMOlation has been complicated by very low levels of 
PML expression, the existence of several PML isoforms, and the presence of mul- 
tiple distinct SUMO-PML conjugates. Cell fractionation experiments indicate 
that only POD-associated PML is modified with SUMOl, but the soluble pool 
of PML may have been deconjugated by isopeptidases in the course of the exper- 
iment. SUMOlated forms of a cytosolic PML mutant can be detected by Western 
blot analysis upon overexpression of SUMOl (Kamitani et al 1998a), indicating 
that modification of PML can take place in the cytoplasm. Work by Muller & 
Dejan (1999) supports the notion that SUMOl plays a role in the localization of 
PML to PODs. For example, they correlated loss of SUMOlation upon trans- 
fection with the viral proteins ICPO or CMV IE1 (see below) to a relocalization 
of PML from PODs to the nucleoplasm. On the other hand, two groups report 
that a PML mutant lacking all SUMOlation sites still accumulates in POD-like 
structures (Ishov et al 1999, Li et al 2000). This may suggest that PML is only 
SUMOlated upon binding to the PODs. However, these experiments were carried 
out in the background of endogeneous PML, and POD-targeting may have been 
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accomplished by heterodimerization of the mutant with wt PML. Localizing this 
mutant in PML-/- cells should finally settle this question. A potential binding 
partner for SUMOlated PML is the DNA-binding protein Daxx, which is recruited 
to PODs by wt PML, but not the SUMOlation-deficient mutant (Ishov et al 1999, 
Li et al 2000). 

Treatment of cells with calyculin A, a strong inhibitor of serine/threonine 
phosphatases 1 and 2A, inhibits PML SUMOlation (Miiller et al 1998). It is, 
however, unclear whether this inhibition is caused by hyperphosphorylation of 
PML or of a protein involved in PML modification or demodification. Treat- 
ment of cells with As 2 0 3 leads to the appearance of an anti-SUMOl reactive 
high-molecular-weight smear, which has been interpreted as poly-SUMOlated 
PML (Miiller et al 1998). However, As 2 0 3 treatment and viral infection have 
previously been shown to lead to PML degradation, presumably by the ubiq- 
uitin/proteasome pathway (Chelbi-Alix & de The 1999 and references therein; 
Everett et al 1998), and SUMOl lacks lysine 48 that is normally used for ubiquitin 
chains. Therefore, we consider it more likely that the observed high-molecular- 
weight bands are derived from polyubiquitination of PML-SUMO conjugates. 
It will be interesting to determine whether SUMOlation is a prerequisite of 
subsequent ubiquitination. 



SP100 

Like PML, Sp 1 00 is an interferon-inducible protein highly enriched in PML bodies. 
Several alternatively spliced SplOO proteins are expressed, but their physiologi- 
cal functions remain to be elucidated. Sternsdorf and co-workers demonstrated 
that the 54-kDa SplOO can be modified by SUMOl and mapped a single lysine 
residue, Lys297R, as the SUMOl acceptor site. Interestingly, mutation of this 
lysine to arginine completely abolished SUMOlation of SplOO but did not af- 
fect the localization of SplOO in PODs (Sternsdorf et al 1999). At first glance, 
this indicates that SUMOlation of SplOO is not required for nuclear localization 
and subsequent targeting to the PODs. However, Sternsdorf and co-workers also 
demonstrated that the POD targeting sequence of SplOO includes a homodimer- 
ization domain. Targeting of the mutant protein could therefore also be mediated 
via dimerization with endogenous SplOO-SUMOl conjugate. Inhibition of SplOO 
nuclear import by a single point mutation in the nuclear localization site also 
abolished its SUMOlation. That this in fact was the result of aberrant localiza- 
tion was nicely demonstrated upon fusion of this mutant to an unrelated nuclear 
localization sequence. Whether this indicates, as the authors suggest, that nu- 
clear localization is a prerequisite to the modification of SplOO remains to be 
seen. An alternative interpretation of the results posits that the modification could 
well take place in the cytoplasm but nuclear import and/or subsequent association 
with PODs would be required for the protection of SUMOlated SplOO from 
isopeptidases. 
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Cytomegalovirus IE1 and IE2 

The cytomegalovirus immediate early proteins (IE1 and IE2) are nuclear phos- 
phoproteins transcribed from the major immediate-early gene of human cyto- 
megalovirus. These proteins are thought to play key roles in initiating and main- 
taining hCMV gene regulation pathways in both lytic and latent infections. The 
72-kDa IE1 protein belongs to an increasing number of viral proteins (among 
them are also adenovirus E4 ORF3 and the HSV protein ICPO) that transiently 
localize with and subsequently disrupt PML bodies (reviewed in Maul 1998). In 
an attempt to dissect the molecular mechanisms underlying this disruption, Muller 
& Dejan (1999) discovered that CMV IE1 itself (but not HSV ICPO) is a target 
for SUMOlation. IE1-L174P is a mutant form of IE1 that neither interacts with 
PODs nor leads to their disruption. This mutant was also efficiently modified by 
SUMOl, indicating that SUMOlation of IE1 is not sufficient for its interaction 
with the PODs (Muller & Dejean 1999). 

At about the same time, Hofmann and coworkers identified SUMOl, SUM03, 
and Ubc9 as binding partners for the IE2-p86 protein in a yeast two-hybrid screen 
(Hofmann et al 2000). They further demonstrated that IE2-p86 can be modified 
by SUMOl or SUM03 at either one of two different lysine residues. Immunolo- 
calization and reporter assays indicate that SUMOlation of IE2-p86 is critical for 
the transactivation capacity of IE2, but not for its localization to PODs. 

IkBcc 

NF/cB transcription factors are primarily regulated by association with I/cB pro- 
teins. In most cells NF/cB exists in the cytoplasm in an inactive complex bound 
to I/cBa. Upon induction of the NF/cB pathway by TNFa or phorbol esters, for 
example, I/cBa is phosphorylated at serines 32 and 36, ubiquitinated at lysine 21, 
and subsequently degraded by the proteasome. This releases NF/cB and allows its 
translocation into the nucleus. Among the genes that are induced by binding of 
NF/cB is its inhibitor I/cBa, which in an autoregulatory loop enters the nucleus upon 
synthesis, binds to, and subsequently exports NF/cB. Recent findings by Desterro 
and co-workers add an interesting twist to the already complex regulation of NF/cB 
activity (Desterro et al 1998). They report that 1/cBa can be SUMOlated at the 
same lysine that is also ubiquitinated. However, in contrast to ubiquitination of 
I/cBa, SUMOlation is inhibited by phosphorylation. These findings, together with 
the observation that SUMOlated I/cBor is resistant to TNFa-induced degradation, 
indicate that SUMOl has the potential to function as an antagonist of ubiqui- 
tin. This is an intruiging possibility that could have major implications for many 
substrates of ubiquitination. However, whether this is its (only) role in the modifi- 
cation of I/cBa is not yet clear. Overexpression of SUMO 1 and/or Ubc9 apparently 
leads to SUMOlation of only a fraction of the total I/cBa; nevertheless, it has a 
significant effect on NF/cB-dependent transcription in reporter assays (Desterro 
et al 1998). This effect cannot simply be explained with an antagonist model. 
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Other functions of SUMOl that would be more consistent with low steady-state 
levels of SUMOlated Ik Bar could, for example, involve regulation of I/cBar local- 
ization, I/cBor interactions, or protection of a specific (e.g. the nuclear) pool of 
LcBor. Interpretation of the NF/cB-dependent reporter assay is additionally com- 
plicated by the possibility that components upstream of hcBa are also affected 
by overexpression of SUMOl and Ubc9; for example, the TNFor receptor, which 
interacts with both Ubc9 (Saltzman et al 1 998) and SUMO 1 (Okura et al 1 996). Al- 
though the idea that SUMOl functions as a ubiquitin antagonist is very appealing, 
it is not yet clear whether this is what it is doing for LcBor. 

Dorsal 

Interestingly, not only I/cBa but also the transcription factor NF/cB itself may 
be a target for SUMOlation. This has been suggested by recent studies of the 
Drosophila transcription factor Dorsal (Bhaskar et al 2000), which initiates dorso- 
ventral patterning in the embryo. Prior to activation of the Dorsal pathway, Dorsal 
is retained in the cytoplasm through its interaction with the Ik Ba -related protein 
Cactus. Upon phosphorylation, Cactus is degraded by the ubiquitin/proteasome 
machinery and Dorsal is translocated into the nucleus. Bhaskar and co-workers 
identified Drosophila Ubc9 as an interacting partner for Dorsal and demonstrated 
SUMOlation of Dorsal upon overexpression of either Drosophila SUM02 or Ubc9 
in S2 cells. Transient transfection of a Dorsal-GFP fusion protein leads to its accu- 
mulation in the nuclei of S2 cells. This intranuclear accumulation can be prevented 
by coexpression of Cactus. However, if Ubc9 is simultaneously overexpressed, 
the cytoplasmic retention of Dorsal by Cactus is abolished. Consistent with these 
findings are results of reporter assays with a Dorsal-responsive promoter. In the 
presence of Cactus, Dorsal-induced transcription is reduced to basal levels. Trans- 
fection of Ubc9, SUM02, Aosl/Uba2, or combinations of these not only reverse 
the inhibition by Cactus but stimulate transcription beyond the levels reached 
without Cactus. In conclusion, these data suggest a role for SUMOlation in either 
nuclear translocation or retention of Dorsal. 



The tumor suppressor p53 is a transcription factor that can inhibit cell cycle pro- 
gression and/or induce apoptosis (reviewed in Levine 1997). p53 is normally 
expressed at very low levels and exhibits a short half life, but it accumulates 
rapidly under a variety of stress conditions such as DNA damage, heat shock, 
or reactive oxygen species. The rapid turnover of p53 is accomplished by the 
ubiquitin-proteasome pathway, to which it is targeted through interaction with 
Mdm2. Phosphorylation of the p53 N terminus reduces its affinity for Mdm2 and 
thereby leads to its stabilization. Several types of post-translational modifications 
of the C terminus of p53 have been implicated in its activation, e.g. phospho- 
rylation, acetylation, and glycosylation (Giaccia & Kastan 1998). Three groups 
recently reported that the C terminus of p53 can also be modified by SUMOl 
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(Gostissa et al 1999, Rodriguez et al 1999, Miiller et al 2000). The C-terminal 
100 amino acids of p53, which include the acceptor lysine 386, are sufficient for 
SUMOlation; whereas mutation of lysine 386 does not prevent p53 ubiquitination, 
it is not known whether SUMO modification influences p53 ubiquitination. In 
reporter assays, overexpression of SUMO 1 and/or Ubc9 enhances p53-dependent 
transcription. Moreover, an endogenous target for p53-dependent transcription, 
the cyclin/Cdk kinase inhibitor p21, was apparently upregulated upon cotrans- 
fection of SUMO 1 and Ubc9 in Saos-2 cells (Gostissa et al 1999). Taken together, 
these reports provide strong evidence for the ability of SUMO 1 to modify p53 and 
suggest that this modification plays a role in the activation of p53. However, con- 
sidering the large number of potential SUMOl targets, overexpression of SUMO 1 
and Ubc9 could potentially influence many events downstream of p53-dependent 
transcription (including RNA processing and export as well as translation of the 
luciferase reporter). This is an important issue because the levels of SUMOlated 
p53 detected in cells even with overexpression of SUMOl and/or Ubc9 are only 
marginal. The most interesting interpretation of the marginal levels of SUMOlated 
p53 is that this modification is a dynamic process necessary for transient interac- 
tions or processes, such as p53 import into or export out of the nucleus. It will be 
interesting to determine whether SUM02 or SUM03 can (also) modify p53. In 
light of the finding that SUM02/3 conjugation is induced by stress, DNA damage, 
and UV (Saitoh & Hinchey 2000), this could be a real possibility. 

Mdm2 

Mdm2 is a RING finger E3 ubiquitin ligase involved in p53 degradation. Inspired 
by the existence of aberrantly migrating forms of Mdm2 in Western blot analysis 
and by the fact that an other RING finger protein, PML, is a target for SUMOlation, 
Buschmann and coworkers hypothesized that Mdm2 may also be modified by 
SUMOl. Using both immunoprecipitation experiments from human cell extracts 
and in vitro modification assays, they found that this is indeed the case (Buschmann 
et al 2000). Interestingly, SUMOlation of Mdm2 seems to have a positive effect 
on its ability to ubiquitinate p53. 

A single point mutation in the RING finger domain of human Mdm2, Lys 446 
Arg, prevents not only SUMOlation but also ubiquitination of Mdm2. Although 
this implies that SUMOlation can protect Mdm2 from ubiqutination, it remains 
to be verified that the mutation does not interfere with the RING finger structure 
of Mdm2 or with interactions with the respective E2 enzymes. Somewhat sur- 
prisingly, the amino acids surrounding Lys 446 do not match the consensus for 
SUMO modification (see below), and an other lysine residue that would fit into 
this consensus (Lys 346) was not investigated. 

Mdm2 seems to be predominantly in the SUMOlated form under normal growth 
conditions, but treatment of cells with either UV light or y irradiation leads to a 
rapid loss of the modification. Because the same treatment has long been known 
to cause massive accumulation of p53, the authors propose the following model: 
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Under normal growth conditions SUMOl keeps Mdm2 in a stable and active 
mode. Consequently, p53 is efficiently degraded. DNA damage-induced demod- 
ification of Mdm2 leads to its ubiquitination and subsequent degradation, and, as 
a consequence, p53 is no longer degraded. 

c-Jun 

The transcription factor c-Jun is one of the many proteins that interact with Ubc9 
in two-hybrid interaction screens (Gottlicher et al 1996). Miiller and coworkers 
(Miiller et al 2000) investigated a putative modification of c-Jun with SUMO 1 . As 
it turned out, c-Jun is indeed modified with SUMOl both in vivo and in vitro. In 
contrast to the modification of LcBa, c-Jun SUMOlation does not interfere with its 
ubiquitination; moreover, in overexpression experiments both ubiquitination and 
SUMOlation seem to be negatively regulated by stress-induced phosphorylation. 
How ubiquitination and SUMOlation of c-Jun are than separately controlled in 
vivo remains one of the key questions. 

Homeodomain-Interacting Protein Kinase 2 

Homeodomain-interacting protein kinases (HIPKs) are nuclear protein kinases that 
differentially interact with homeodomain transcription factors (Kim et al 1999). 
HIPK2 can act as a transcriptional corepressor for homeoproteins. Transfection 
of a GFP-HIPK2 fusion protein indicates that this protein localizes in nuclear 
speckles that are distinct from PD10 bodies (PODs). A nuclear speckle retention 
signal was identified in HIPK2 and shown to overlap with a domain rich in pro- 
lines, glutamates, aspartates, serines, and threonines (a so-called PEST element; 
see below). This sequence was subsequently used in yeast two-hybrid interaction 
studies, which led to the identification of Ubc9 as a binding partner for HIPK2. 
Overexpression of both SUMOl and HIPK2 results in SUMOlation of HIPK2, pre- 
sumably at lysine 1 182, and both proteins colocalize to nuclear speckles. Deletion 
of the last 30 amino acids (including lysine 1 1 82) or mutation of lysine 1 1 82 to an 
arginine results in a diffuse nuclear distribution of HIPK2 by immunofluorescence 
and loss of the SUMOlated species in Western blot analysis. These results indi- 
cate that SUMOlation plays a role in targeting HIPK2 to subnuclear compartments 
(Kim et al 1999). 

Drosophila Tramtrack 69 

The Drosophila tramtrack (ttk) gene encodes two proteins by alternative splicing, 
Ttk69 and Ttk88. These proteins are transcriptional repressors of neuronal cell 
differentiation and play a role in photoreceptor cell development in the Drosophila 
compound eye. Ttk88 interacts with the RING finger protein Seven in absentia 
(Sina), which promotes its degradation by the ubiquitin pathway (Li et al 1997). 
Sina, on the other hand, interacts with dUbc9 in two-hybrid interaction screens 
(Hu et al 1997). Since RING finger proteins have recently been implicated as 
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ubiquitin-ligating (E3) enzymes (Lorick et al 1999), Lehembre and co-workers 
(Lehembre et al 2000) speculated that Sina may function as a SUMO-ligating en- 
zyme in SUMOlation of Ttk88 and Ttk69. To test this hypothesis, they determined 
whether Ttks can be modified by Drosophila SUM02 in transfection experiments. 
This turned out to be the case for Ttk69 but not for Ttk88. Western blot analysis 
of untransfected cells also indicates the presence of a SUM02-modified form of 
Ttk69, and immunofluorescence analysis on third-instar polytene chromosomes 
from salivary glands reveals a partial overlap of Ttk69 and SUM02 localization. 
Both modified and unmodified Ttk69 bind to DNA containing a Ttk69-binding 
site but not to unrelated DNA in an in Vitro binding assay. These findings indicate 
that SUMOlation of Ttk69 is not required for DNA binding per se; understanding 
its functional significance will have to await further analysis. Whether the original 
hypothesis, the implication of Sina in the SUMOlation of Ttks, is correct remains 
to be seen. The apparent absence of Ttk88 SUMOlation speaks against this idea 
because the Sina/Ttk interaction domain is identical in both proteins. 

Topoisomerase I 

DNA topoisomerase I (TOPI) is needed for relaxation of supercoiled DNA and 
is implicated in the recognition of DNA lesions. A crucial reaction intermediate 
during relaxation of DNA is the formation of a DNA-topoisomerase I complex 
(the cleavable complex) where topoisomerase I is covalently linked to a 3' end of 
DNA, thereby creating a single-stranded DNA break. Cleavable complexes are 
also formed in the vicinity of DNA lesions and in the presence of the antitumor 
agent, camptothecin (CPT). Although formation of cleavable complexes may be 
necessary for the initial stages of the DNA damage response, these complexes are 
also potentially dangerous to the cell because they can mediate illegitimate recom- 
bination, which can lead to genomic instability and oncogenesis (Larsen & Gobert 
1 999). It has been known for some time that CPT induces rapid covalent modifica- 
tion of human topoisomerase I. This modification has been presumed to be ubiqui- 
tination because TOPI -mediated DNA damage can induce ubiquitin/proteasome- 
dependent degradation of TOPI. As it turns out, CPT-dependent modification 
of TOPI is the result of SUMOlation rather than ubiquitination (Mao et al 2000). 
Addition of CPT to mammalian cells leads to the rapid appearance (within 15 min) 
of a protein ladder that reacts with both anti-TOPl and anti-SUMOl antibodies, 
indicating that TOPI is modified with several SUMOl molecules. Stable overex- 
pression of Ubc9 in these cells increases the levels of these modified species. That 
this modification in fact results from SUMOlation was further confirmed by the 
demonstration that human TOPI is also a target for SUMO (Smt3) modification in 
yeast. Again the modification was induced by the addition of CPT and depended 
on both functional Smt3 and Ubc9. 

Two aspects of these findings are particularly remarkable. First, this study 
presents the first demonstration of a very rapid, DNA damage-dependent, in- 
duction of SUMOl -modification (see above). Second, the finding that human 
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topoisomerase I is also a substrate for S. cerevisiae SUMO modification em- 
phasizes the functional homology between human SUMOl and its S. cerevisiae 
homolog Smt3. 

Glutl and Glut4 

Whereas most SUMOl targets seem to be involved in nuclear functions, two 
plasma membrane-spanning proteins have also recently been linked to the SUMO 
pathway. These are the glucose transporters Glutl and Glut4 (Giorgino et al 
2000). In insulin-sensitive tissues, a significant fraction of Glutl resides at the 
plasma membrane even in the absence of insulin and is mainly responsible for 
basal glucose transport. In contrast, Glut4 is responsible for the insulin-dependent 
increase in glucose transport. Insulin causes recruitment of Glut4 from intracel- 
lular tubovesicular structures to the plasma membranes. Giorgino and coworkers 
identified Ubc9 as a binding partner for Glut4 in the yeast two-hybrid system and 
confirmed this interaction subsequently by pull-down assays. Stable overexpres- 
sion of wt Ubc9 causes significant changes in the levels of Glutl and Glut4 and 
alters both basal and insulin-stimulated glucose transport. Whether the effects 
caused by Ubc9 overexpression are through SUMOlation of the glucose trans- 
porters remains to be seen. Although it has been reported that these receptors are 
modified by SUMO, the evidence for this is still rather preliminary (based solely 
on IP- Western blot experiments). 

Yeast Septins Cdc3, Cdcll, and Sep7 

The only known targets for SUMO conjugation in yeast are the septins Cdc3 
(Johnson & Blobel 1999, Takahashi et al 1999), Cdcl 1, and Shsl/Sep7 (Johnson 
& Blobel 1999). These proteins belong to a family of GTP-binding coiled-coil 
proteins that are involved in bud neck formation and bud site selection, but their 
molecular functions are not clear. Of the septin genes, only CDC3 is absolutely 
essential for growth, CDC 10 and CDC 11 are required for viability in many but 
not all strain backgrounds, and SEP7 is not essential (reviewed in Field & Kellogg 
1999). In an extensive study, Johnson & Blobel showed that Cdc3, Cdcll, and 
Sep7 are the major targets for SUMOlation in mitosis and subsequently mapped 
seven different SUMOlation sites in these three proteins. Surprisingly, a yeast 
strain lacking all seven SUMOlation sites grew at wt rates, mated, and sporulated 
with wt efficiency, and showed no hypersensitivity to a number of different stress 
conditions. In wt cells, SUMOlation of the septins appears to occur shortly before 
the onset of anaphase, at which time an intensive staining of SUMO can be observed 
at the bud neck. This staining is dramatically reduced in the mutant, but the septins 
are still present at the bud neck. The only discernible phenotype was a deficiency 
in disassembly of the septin rings after cytokinesis, which led to the appearance 
of extra septin rings in virtually all budded cells. These findings suggest that 
SUMOlation plays a (nonessential) role in septin dynamics. 



616 MELCHIOR 



Potential SUMO Targets 

Several of the verified SUMO targets (e.g. PML, IkBu, p53, and fflPK2) were 
initially linked to the SUMOlation pathway through identification of Ubc9 and/or 
SUMOl as binding partners in yeast two-hybrid interaction screens. In hindsight, 
this interaction may be explained by the fact that yeast contains enzymes necessary 
for covalent coupling of proteins with SUMOl. Interestingly, a large number 
of proteins listed in Table 2 interact with Ubc9 or SUMOl in the two-hybrid 
system. Given the interaction of bona fide SUMO targets in this screen, one 
should consider these proteins as potential targets for SUMOlation. Some of these 
proteins also interact with Ubc9 in vitro, but it is not always clear whether these 
interactions are direct or mediated by additional factors present in the extracts. 
However, Ubc9 seems to bind directly to at least one bona fide SUMO target 
because a heterotrimeric complex consisting of RanGAP, RanBP2, and Ubc9 can 
be precipitated from solubilized nuclear envelopes (Lee et al 1998). Aside from 
the possibility that Ubc9/SUM01 -interacting proteins are SUMO targets, other 
possibilities should be considered. For example, SUMOl -interacting proteins 
may not be modified themselves but could well be binding partners for SUMOlated 
proteins. Moreover, Ubc9-interacting proteins could potentially be components 
of SUMO-ligating enzymes. 

MOTIFS FOR SUMOLATION 

Many SUMO Targets Contain PEST Sequences 

No obvious sequence homology domains can be identified among verified and 
potential SUMO targets. However, Kim and co-workers recently found that the 
minimal Ubc9-interacting domain (amino acids 860-894) of the SUMO target 
HIPK2 maps to its PEST element and pointed out that many of the putative and bona 
fide SUMO targets contain similar sequences (Kim et al 1999). PEST sequences 
are defined as stretches of at least 12 amino acids rich in proline, glutamate, 
aspartate, serine, and threonine residues and lacking positively charged amino 
acids (Rechsteiner & Rogers 1996). 

We analyzed all proteins listed in Tables 1 and 2 with the PEST-Find al- 
gorithm developed by Rechsteiner & Rogers (www.at.embnet.org/embnet/tools/ 
bio/PESTfind/). Indeed, of the 19 verified SUMO targets, 10 contain one or more 
strong PEST sequence. Of the 27 putative targets, 7 also have a strong PEST se- 
quence. Considering that only about 10% of all proteins contain PEST sequences 
(Rechsteiner & Rogers 1996), this may be more than just a coincidence. For a 
number of reasons, it seems unlikely that PEST elements represent recognition 
signals for SUMOlating enzymes. Even though the PEST sequence of HIPK2 is 
required for the interaction with Ubc9 in yeast, this is not true for the two-hybrid 
interactions of PML, p53, and LcBa with Ubc9 (Desterro et al 1998, Duprez et al 
1999, Gostissa et al 1999). In all three cases, the minimal domain required for the 
two-hybrid interaction lies outside the PEST sequences. In fact, deletion of the 
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TABLE 2 Ubc9 and/or SUMO interacting proteins— potential targets 
for SUMOlation 



Two hybrid PEST 
Protein with sequence" References 



Rad52 

Fas/Apo 
receptor 

TNF-a receptor 

Ethylene-inducing 

xylanase 
Glucocorticoid 

receptor 
Papillomavirus 
El protein 
Wilms' tumor 

gene product 
Adenovirus El A 
E2A proteins 

TEL (ETV6) 

ATF2 

ETS-1 

D. melanogaster 

Hsp23, Hsp27 
Bleomycin 

hydrolase 
Poly(ADP-ribose) 

polymerase 
Androgen 

receptor 
MEKK1 
Corl 
Synl 

S. pombe PCNA 
S. cerevisiae 
Cbfip 

D. melanogaster 
Sina 



SUMO 

Ubc9 

Ubc9 

Ubc9 

Ubc9 
Ubc9 

Ubc9 
Ubc9 
Ubc9 
Ubc9 

Ubc9 

Ubc9 

Ubc9 

Ubc9 
Ubc9 
Ubc9 



Kovalenko et al 1996, 
Shenetal 1996a 
Shenetal 1996b 

Shenetal 1996a,b 



Becker et al 1997, 

Okuraetal 1996 

Wright etal 1996 
Okuraetal 1996, 

Saltzmanetal 1998 
Hanania et al 1999 

Gottlicher et al 1996 

Yasugi & Howley 1996 

Wang etal 1996 

Hateboeretal 1996 
Khoetal 1997, 

Loveysetal 1997 
Chakrabarti et al 1 999 
Firestein & Feuerstein 1 998 
Hahn etal 1997 
Joanisse et al 1 998 

Koldamova et al 1998 
Massonetal 1997 
Poukkaetal 1999 



etal 1998 
Tarsounas etal 1997 
Tarsounas etal 1997 
Tanaka etal 1999 
Jiang &Koltin 1996 

Hu etal 1997 



a As determined by the PEST-Find algorithm developed by Rechsteiner & Rogers (www.at. 
embnet.org/embnet/tools/bio/PEST-find/). 

+ indicates at least one PEST-like sequence with a score above +5. 

0 indicates at least one PEST-like sequence with a score between 0 and 5. 

- indicates a score below 0. 
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PEST sequence in PML even enhances the two-hybrid interaction with SUMOl 
(Duprez et al 1999). Moreover, the smallest domains of RanGAPl (amino acids 
502-592; Matunis et al 1998), p53 (amino acids 294-393; Gostissa et al 1999), and 
LcBa (amino acids 1-256; Desterro et al 1998) that are sufficient for SUMOlation 
do not have PEST sequences. 

However, PEST sequences are rich in SP/TP motifs that are minimal recogni- 
tion elements for serine/threonine kinases. Therefore, it is possible that the PEST 
elements found in SUMO targets represent regulatory elements that, depending on 
their phosphorylation state, allow or prevent the modification. Precedence for such 
an interpretation comes from the ubiqUitin field. For example, multiple phospho- 
rylations within PEST elements are required for ubiquitin-dependent degradation 
of the yeast Gl cyclins Cln3 and Cln2 (reviewed in Hershko & Ciechanover 1 998). 
An alternative explanation for the large number of SUMO targets with PEST ele- 
ments is that most SUMO targets are also substrates for PEST element-dependent 
degradation by the ubiquitin/proteasome pathway. Ubiquitin/proteasome-depen- 
dent degradation has been shown for several of the verified SUMOl targets 
(e.g. PML, 1/cBa, and p53). It will be interesting to see whether other PEST 
element-containing SUMOl targets are subject to phosphorylation and/or ubiqui- 
tin-dependent degradation. 

A Minimal Consensus Site for Modification by SUMO 

For a number of SUMO targets the lysine acceptor sites have been mapped by 
mutagenesis of putative acceptor lysines to arginines and subsequent analysis of 
the modification state of these mutants in vivo. However, whereas the lysine- 
to-arginine mutation is unlikely to cause structural problems, other caveats of 
this method should be taken into consideration. Absence of SUMOlation could be 
caused either by a lack of the acceptor site or by the inability of the mutant protein to 
interact with its SUMOlating enzymes. Only two acceptor sites (one in RanGAPl 
and one in Cdc3) have been verified by peptide sequencing and mass spectroscopy. 
With this in mind one should treat the sequence comparison of published acceptor 
sites (Table 3) with caution. Alignment of the sequences surrounding SUMO 
acceptor sites reveals a minimal consensus sequence, aKX(E,D). In addition, most 
sequences contain proline and/or glycine residues 2 to 5 amino acids upstream or 
downstream of the acceptor lysine. These may help to insure accessibility of the 
substrate for the conjugation apparatus by introducing a turn close to the acceptor 
lysine. Two out of the three sequences lacking glycine or proline residues lie at the 
very N- or C-terminal ends of the protein and could therefore be easily accessible. 



CONCLUSIONS 

SUMO conjugation and deconjugation are highly dynamic processes. The equilib- 
rium between the modified and unmodified form of any given target can apparently 
be determined by several key features: the availability of free SUMO, the activity 
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TABLE 3 C 


omparison 


of SUMO acceptor site: 


s 






Flanking 




Acceptor site 




sequences 


References 


RanGAPl 


K526 a 


HMGLLKSEDKV 


Mahajanet al 1998, 








Matunis et al 1998 


PML 


K65 


CQAEAKCPKLL 


Duprez et al 1999, 








Kamitani etal 1998a 




K160 


HQWFLKHEARP 






K490 


PRKVIKMESEE 




LcBor 


K21 


PRDGLKKERLL 


Desterro et al 1998 


p53 


K386 


tvKLMr K i fc,(jrrD 


Gostissa et al 1999, 








Rodriguez et al 1999 








Miiller et al 2000 


SplOO 


K297 


RLVDIKKEKPF 


Sternsdorf et al 1999 


HIPK2 


K1182 


PLSPAKVNQYP 


Kim etal 1999 


Cdc3 


K4 


— MSLKEEQVS 


Johnson & Blobel 1999 






cnvciii'nnDcn 
Cl^ V MJvl^JJr r,i^ 






K30 


NDVQIKQESQD 






K63 


AESDVKVEPGL 




Cdcll 


K412 


KEAKIKQEE — 


Johnson & Blobel 1999 


Sep7/Shsl 


K426 


LGREIKQENEN 


Johnson & Blobel 1999 




K437 


LIRSIKTESSP 




CMV IE2 


K175 


MLPLIKQEDIK 


Hofmann et al 2000 




K180 


KQEDIKPEPDF 




c-Jun 


K229 


RLQALKEEPQT 


Miiller et al 2000 


Mdm2 


K446 


CQGRPKNGCIV 


Buschmann et al 2000 


Consensus 




aKxE b 




"Identified by mass 


spectrometry. 







b K indicates the lysine residue that serves as the SUMO attachment site; 

a stands for an aliphatic amino acid residue; x stands for any amino acid residue. 

and localization of conjugating and deconjugating enzymes, the presence of bind- 
ing partners that may protect the conjugate from isopeptidases, and alterations in 
the target proteins (for example, by phosphorylation and dephosphorylation) that 
regulate their availability for modifying and demodifying enzymes. Two modes 
of function for SUMOlation have been suggested: a role in the regulation of pro- 
tein/protein interactions (often leading to altered subcellular localizations) and a 
role as an antagonist of ubiquitin (Figure 4). Both functions are plausible and they 
are obviously not mutually exclusive. 

Looking at the list of verified and potential SUMO targets, one can note an 
obvious accumulation of proteins involved in DNA replication and repair [Rad5 1 , 
Rad52, PCNA, Poly (ADP-ribose) polymerase, and topoisomerase], mitosis 
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Figure 4 Two predicted modes for SUMO function. (A) SUMO as an antagonist to ubiqui- 
tin. Where SUMOlation and ubiquitination are mutually exclusive, SUMO may protect its 
target from ubiquitin-dependent degradation. (B) SUMO as a regulator of protein/protein 
interactions. SUMOlation increases the affinity of the target protein to its binding 
partner. 



(Cbf3p, Cdc3, Cdcll, Sep 7), and particularly in signal transduction (e.g. p53, 
HIPK2, 1/fBa, tramtrack 69, glucocorticoid and androgen receptors, c-Jun, E2A, 
TEL, Sina, and Fas/Apo- and TNFa receptor). Even RanGAPl and RanBP2 could 
be considered part of the signal transduction group because they are involved in 
the translocation of signaling factors into and out of the nucleus. Whether the 
connection of SUMO to just a few specific biological pathways has functional 
implications or simply reflects the predominant areas of current reseach remains 
to be seen. In either case, given that only a small fraction of the physiological 
SUMO targets have been identified, the SUMO field promises to develop into a 
"heavy weight" in the years to come. 
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